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The floor plate is an organising centre that controls neural differentiation and axonogenesis in the neural tube. The axon
guidance molecule Netrin1 is expressed in the floor plate of zebrafish embryos. To elucidate the regulatory mechanisms
underlying expression in the floor plate, we scanned the netrin1 locus for regulatory regions and identified an enhancer that
drives expression in the floor plate and hypochord of transgenic embryos. The expression of the transgene is ectopically
activated by Cyclops (Nodal) signals but does not respond to Hedgehog signals. The winged-helix transcription factor foxA2
(also HNF3, axial) is expressed in the notochord and floor plate. We show that knock-down of FoxA2 leads to loss of floor
plate, while notochord and hypochord development is unaffected, suggesting a specific requirement of FoxA2 in the floor
plate. The transgene is ectopically activated by FoxA2, and expression of FoxA2 leads to rescue of floor plate differentiation
in mutant embryos that are deficient in Cyclops signalling. Zebrafish and mouse use different signalling systems to specify
floor plate. The zebrafish netrin1 regulatory region also drives expression in the floor plate of mouse and chicken embryos.
This suggests that components of the regulatory circuits controlling expression in the floor plate are conserved and that
FoxA2—given its importance for midline development also in the mouse—may be one such component. © 2002 Elsevier
Science (USA)
Key Words: cyclops; Nodal; floor plate; hypochord; netrin1; foxA2 (HNF3, axial).INTRODUCTION
The floor plate occupies the ventral aspect of the neural
tube and serves as an important organising centre for the
development of surrounding neural tissues (Colamarino
and Tessier-Lavigne, 1995; Kaprielian et al., 2001; Placzek,
1995). It secretes signalling molecules like the morphogen
Sonic hedgehog (Shh) and the axon guidance protein Netrin
that play crucial roles in the induction of neurones and
1 Present address: Pharmacenter/Biocenter, University of Basel,
Klingelbergstr. 50, CH-4000 Basel, Switzerland.
2 Present address: Centre de Biologie du Developpement UMR
5547, Universite Paul Sabatier 118 rte de Narbonne, 31062 Tou-
louse Cedex 04, France.
30012-1606/02 $35.00
© 2002 Elsevier Science (USA)
All rights reserved.axonal wiring (Colamarino and Tessier-Lavigne, 1995;
Tanabe and Jessell, 1996).
Despite a wealth of data, the molecular and cellular
events underlying floor plate induction are still controver-
sial (Le Douarin and Halpern, 2000; Placzek et al., 2000).
Genetic evidence suggests that zebrafish and amniote em-
bryos use different signalling systems to control floor plate
differentiation. In amniotes, shh is involved in induction of
floor plate cells (Marti et al., 1995; Roelink et al., 1995).
Mice with shh mutations are cyclopic and lack floor plate
(Chiang et al., 1996). Similarly, floor plate differentiation is
blocked in mice deficient in Gli2, a transducer of Shh
signals in target cells (Ding et al., 1998; Matise et al., 1998).
In zebrafish, mutations in shh (also named sonic-you) or
in genes encoding components of the Shh signal transduc-
tion pathway only partially affect floor plate differentiation
(Barresi et al., 2000; Chen et al., 2001; Karlstrom et al.,
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1999; Schauerte et al., 1998; Varga et al., 2001). In loss-of-
function mutants, the floor plate forms normally and ex-
presses floor plate-specific genes, such as netrin1 (Schauerte
et al., 1998; Stra¨hle et al., 1997a). However, there is evi-
dence for an involvement of Hedgehog (Hh) signalling in the
maintenance of a coherent floor plate at late stages; em-
bryos carrying mutations in smoothened or pan-Hh knock-
down embryos show gaps in the floor plate in postsomito-
genesis stages (Chen et al., 2001; Etheridge et al., 2001;
Varga et al., 2001). Moreover, misexpression of shh causes
ectopic activation of netrin1 in the neural tube (Stra¨hle et
al., 1997a), indicating that floor plate genes can also respond
to Hedgehog signals in the zebrafish.
Mutations in the Nodal related factor Cyclops (Cyc) or in
genes involved in its signal transduction (Mu¨ller et al.,
2000; Pogoda et al., 2000; Rebagliati et al., 1998; Sampath et
al., 1998; Schier et al., 1997; Sirotkin et al., 2000; Stra¨hle et
al., 1997b; Zhang et al., 1998) impair floor plate differentia-
tion in zebrafish. One-day-old, cyc mutant embryos have a
notochord but lack a floor plate and netrin1 and shh
expression in the ventral neural tube (Hatta et al., 1991;
Krauss et al., 1993; Stra¨hle et al., 1997b).
In amniotes, the winged helix-transcription factor FoxA2
(previously HNF3) was proposed to act downstream of shh
in floor plate induction (Sasaki and Hogan, 1994). Expres-
sion of foxA2 can be induced by Shh via activation of Gli
zinc finger transcription factors (Sasaki et al., 1997). foxA2
is expressed in both notochord and floor plate (Ang and
Rossant, 1994; Monaghan et al., 1993; Sasaki and Hogan,
1993), and misexpression of foxA2 caused ectopic activa-
tion of floor plate marker genes (Ruiz i Altaba et al., 1995;
Sasaki and Hogan, 1994). Mice with targeted inactivation of
foxA2 fail to form the node, notochord, and floor plate (Ang
and Rossant, 1994; Weinstein et al., 1994). The zebrafish
genome encodes a close homologue of foxA2 (previously
named axial) that is also expressed in the zebrafish equiva-
lent of the mouse node, in the notochord and floor plate
(Stra¨hle et al., 1993, 1996). Although mutations in this gene
were not identified in zebrafish, this pattern of expression
suggests that zebrafish foxA2 has a function in midline
development as in mouse.
Little is known regarding how gene expression is regu-
lated in the floor plate of the zebrafish. To elucidate the
underlying mechanisms of floor plate expression, we iso-
lated a floor plate regulatory region from the zebrafish
netrin1 locus and investigated the role of foxA2 in the
zebrafish. Like the endogenous netrin1, enhancer-driven
transgenes are expressed in the floor plate and in the
hypochord. We show that the activity of the enhancer in the
floor plate depends on Cyc and is ectopically activated in
response to Cyc signals, but it does not respond to Hedge-
hog signals. Furthermore, FoxA2 activates the transgene
ectopically and rescues floor plate differentiation in Cyc-
signalling-deficient embryos. Morpholino knock-down of
FoxA2 abolishes transgene expression and floor plate differ-
entiation, phenocopying the floor plate defects of cyc mu-
tants. In contrast to the mouse foxA2 mutants, the knock-
down embryos formed a normal notochord. This suggests a
specific requirement of FoxA2 function in the floor plate of
the zebrafish embryo. The zebrafish enhancer drives floor
plate expression in mouse and chicken embryos, indicating
that the mechanisms acting through this element are con-
served. FoxA2 may thus be a conserved signal transduction
component that mediates activation of floor plate-specific
genes in response to Shh in mouse and to Cyc in zebrafish.
FIG. 1. A PAC clone comprising the netrin1 locus drives
expression of reporter gene in the ventral neural tube. (A) Map of
the netrin1 PAC clone. Blow-up shows the promoter region and
the position of the green fluorescent protein (gfp) tag brought
under control of the netrin1 regulatory region by insertion into
the first coding exon. (B) Embryo (24 hpf) expressing the gfp-
tagged netrin1 PAC clone. Mosaic expression of GFP can be
detected in cells of the floor plate (arrows) and the hypochord
(arrow heads). (C) Embryo (24 hpf) hybridised to the netrin1
antisense probe. (B, C) Lateral views, anterior left and dorsal up.
The scale bar represents 100 m in (B) and (C). Abbreviations: N,
NotI; B, BamHI; Bs, BssHII; Kb, kilobase pairs; ATG, transcrip-
tion start; f, floor plate; h, hypochord.
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MATERIALS AND METHODS
Fish Stocks
The wild-type zebrafish line wtOX is derived from fish pur-
chased from the Goldfish Bowl (Oxford, UK) and has been bred for
several years in our laboratory as described (Westerfield, 1993). The
mutant strains used were smub641 (Varga et al., 2001), cycb16 (Hatta
et al., 1991), and oepm134 (Schier et al., 1997).
Cloning of netrin1 Genomic DNA
and Plasmid Constructs
A zebrafish genomic phage library (Stachel et al., 1993) was
screened by using the netrin1 cDNA as probe. The insert of a
positive clone was subcloned into pBluescript II KS (Stratagene).
Restriction mapping and DNA sequencing demonstrated that the
clone contained a 19.5-kb insert with 1070 bp netrin1 promoter
region and the two first exons. One positive clone was isolated
from an arrayed zebrafish PAC library (RZPD no. 706) by using the
netrin1 cDNA as probe. Pulse field gel electrophoresis and South-
ern blotting showed that this clone contained the entire netrin1
translated region. Library screening, subcloning, and Southern
blotting were carried out as described (Sambrook and Russel, 2001).
For recombination tagging, 5 (500 bp) and 3 (350 bp) intronic
sequences flanking the first coding exon of netrin1 were amplified
by polymerase chain reaction (PCR) and cloned upstream (SalI/
NcoI) and downstream [NotI/(XhoI)KpnI] of the gfp coding sequence
in pCS2:gfp, respectively. This insert was excised with SalI/XhoI
and subcloned into the XhoI site of the recombination vector
pDF25. The modification of the netrin1 PAC clone was performed
as described (Imam et al., 2000).
netrin1 promoter fragment and enhancer were generated by
PCR. The sequences of the primers used are available on request.
The 1.1netrin1:gfp and 1.1netrin1:lacZ constructs were made
by cloning the 1070-bp netrin1 promoter into the SalI and NcoI
sites of either pCS2:gfp or pCS2:lacZ vectors (Mu¨ller et al., 2000).
The 898-bp enhancer was cloned downstream of the reporter genes
into the NotI and KpnI sites of 1.1netrin1:gfp, 1.1netrin1:lacZ,
or 37Tk:gfp.
Microinjection of Zebrafish Embryos
All plasmids were prepared by using the Qiagen Endo-Free Kit
and injected at 20–50 ng/l. Fragments for coinjection assays or for
generating transgenic fish were excised from plasmids and sepa-
rated by agarose gel electrophoresis followed by purification with
FIG. 2. Screen for floor plate enhancer activity in the netrin1
locus. (A) Floor plate enhancer activity maps to the 898-bp frag-
ment 6 located in intron 2 of the netrin1 locus. Scheme illustrating
the position of fragments tested in the co-injection assay. Frag-
ments were injected together with –1.1netrin1:lacZ, and embryos
were scored for floor plate expression by -galactosidase staining at
24 hpf. Only fragments C, 3, 4, and 6 gave significant numbers of
-galactosidase-positive cells in the floor plate (FP). (B, C) Embryos
were analysed for GFP expression between 36 and 48 hpf. (B)
Transient expression of the promoter –1.1netrin1:gfp. Embryos
were injected with the promoter construct and analysed for GFP
expression. (C) The 898-bp floor plate enhancer (FPE, fragment 6)
downstream of the –1.1netrin1:gfp cassette (1.1netrin1:gfp/FPE)
directs gfp expression in the floor plate (arrow, f) and the hypochord
(arrowhead), h. Expression in cells of the notochord was also noted
in these transiently expressing embryos. (D, E) Transient expres-
sion of the –37Tk:gfp minimal promoter alone (D) or the 898-bp
enhancer (E) inserted downstream of the thymidine kinase pro-
moter and the gfp reporter gene (37Tk:gfp/FPE) at 24 hpf. Inser-
tion of the enhancer leads to expression in the floor plate (arrow)
and the hypochord (arrowhead). Abbreviations: f, floor plate; h,
hypochord. The scale bar represents 100 m (B–E).
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the Qiaex II Kit (Qiagen). Coinjected fragments were provided in a
threefold molar excess over the reporter gene fragments (Mu¨ller et
al., 1999). Fish eggs were dechorionated by using Pronase E, and
dechorionated eggs were transferred to agar-coated plastic dishes
containing 10% Hank’s solution as described (Westerfield, 1993).
Before injection of DNA, phenol red was added to 0.1% final
concentration. To establish stable transgenic lines, DNA fragments
were injected at the one- to two-cell stage into yolk. Sexually
mature fish were raised from injected embryos and intercrossed,
and at least 50 embryos per pair were screened for GFP expression
at 24 hpf. Heterozygote F1 embryos were raised to adulthood to
establish lines.
For microinjection of RNA, the following plasmids were lin-
earised, and sense strand-capped mRNAs were synthesized by
using the Ambion Transcription Kit: pCS2MT: foxA2-ER (digested
with NotI, transcribed with SP6), pCS2:ER (NotI, SP6), and
pCS2Shh:MT (NotI, SP6). Embryos injected with foxA2-ER mRNA
and ER mRNA were treated at 70% epiboly stage with 107 M
17-estradiol, 0.1% ethanol in 10% Hank’s solution. Morpholinos
(Gene Tools) were resuspended in 1Danieau buffer [58 mM NaCl,
0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca (NO3)2, 5.0 mM Hepes,
pH 7.6] and stored at 4°C. The sequences of the morpholinos used
for foxA2, forkhead 7, and forkhead 4, respectively, were:
5-CCTCCATTTTGACAGCACCGAGCAT-3; 5-CGCCCAA-
CATTATGGAGGAAATCC-3; 5-TCGCTGGAGTAATATGGC-
ATCCATT-3. The morpholinos were injected into the yolk of
zebrafish embryos at one- to two-cell stage at concentrations
between 0.6 mM and 1.2 mM.
In Situ Analysis
In situ hybridisation was performed as described (Oxtoby and
Jowett, 1993). Antisense RNA was synthesized from netrin1 (lin-
earized with EcoRI, transcribed with T7), shh (HindIII, T7), col2a1
(XhoI, T3), and gfp (NcoI, T3) cDNAs.
For -gal staining, zebrafish, chicken, or mouse embryos were
fixed at 4°C for 1 h in BT-Fix (Westerfield, 1993), washed three
times in PBS, rinsed once in staining buffer [15.4 mM Na2HPO4, 4.6
mM NaH2PO4, 150 mM NaCl, 3 mM K4Fe3(CN6)6, 3 mM
K3Fe4(CN6)6], and incubated overnight at 37°C in staining buffer
supplemented with 0.4% (w/v) X-gal.
Electroporation of Chicken Embryos
Plasmids were injected into chicken embryos into the folding
neural tube at the unsegmented somite level at 2 g/l. Electropo-
ration of stage 11–12 chick embryos (Hamburger and Hamilton,
1992) was carried out by placing platinum electrodes into the
dorsoventral axis of the neural tube. At stage 18–19, embryos were
fixed and stained for -galactosidase activity.
Transgenic Mouse Embryos
Vector sequences were removed as described above. Purified
DNA was then diluted to 4 ng/l in TE and injected into the
pronuclei of fertilized mouse eggs. Embryos were collected at 9.5
days postcoitum (dpc) or grown to adulthood to establish transgenic
lines. Transgenic embryos were identified by PCR using DNA from
proteinase K-digested yolk sacs and primers specific to lacZ.
RESULTS
Cloning of the netrin1 Locus
Our preliminary results suggested that the zebrafish
netrin1 gene is large. To isolate the entire genomic locus,
we therefore screened a PAC library with a netrin1 cDNA
probe (Stra¨hle et al., 1997a). One PAC clone was isolated
with an insert of approximately 120 kb (Fig. 1A). As shown
by hybridisation with probes derived from the 5 and 3 ends
of the netrin1 cDNA, the PAC clone included the entire
translated region with 16 kb sequence upstream of the
translation initiation codon and approximately 100 kb
downstream (Fig. 1A).
We next assessed whether this PAC clone contained the
regulatory elements necessary for the control of expression
in the ventral neural tube. A green fluorescent protein (gfp)
reporter cassette was inserted into the first coding exon of
netrin1 immediately downstream of the ATG, using the
RecA recombination system in Escherichia coli (Imam et
al., 2000). The resulting recombinant clone, netrin1-PAC:
gfp, was injected into one-cell-stage zebrafish embryos, and
GFP expression was monitored at 24 h postfertilisation
(hpf). This protocol results in transient and mosaic expres-
sion of injected transgenes (Westerfield et al., 1992). GFP
expression was detected at high frequency in cells of the
floor plate, the ventral brain, and the hypochord (Fig. 1B;
and data not shown). This pattern resembles that of the
endogenous netrin1 gene (Stra¨hle et al., 1997a; Fig. 1C),
suggesting that the PAC clone contains the relevant regu-
latory regions.
An Intronic Enhancer Controls Expression in Floor
Plate and Hypochord
To map the regulatory region responsible for floor plate
expression, we first analysed the promoter region. The
sequence up to –1070 bp relative to the ATG was fused to
the GFP reporter cassette. This construct, –1.1netrin:gfp,
was tested for midline expression by transient analysis in
embryos at 24–48 hpf. Weak ectopic GFP expression was
detected in the entire posterior neural tube (Fig. 2B), but
significant expression could not be scored in the floor plate
and the hypochord, suggesting that the promoter region of
netrin1 is not sufficient for correct expression in these
tissues.
To identify sequences with enhancer activity in the floor
plate, we employed a coinjection approach, which was
previously used to identify regulatory sequences of the
zebrafish shh gene (Mu¨ller et al., 1999). Fragments were
isolated from subclones spanning 11 kb of sequence up-
stream of the ATG and 18 kb downstream (Fig. 2A). The
fragments were coinjected with the –1.1netrin:lacZ pro-
moter construct, which encodes a -galactosidase reporter,
and embryos were stained for -galactosidase activity at 24
hpf. With the exception of fragment C located in intron 2,
none of the coinjected fragments gave significantly en-
riched expression in the floor plate (Fig. 2A; and data not
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shown). Next, we tested subfragments of region C (Fig. 2A)
in the coinjection assay to further delineate the responsible
region. Subfragments 1, 2, and 5 did not yield a significant
increase in floor plate- and hypochord-expressing cells in
comparison to the –1.1netrin1:lacZ reporter alone. In con-
trast, the overlapping fragments 3, 4, and 6 gave rise to floor
plate and hypochord expression (Fig. 2A; and data not
shown), suggesting that the overlapping region harbours the
responsible regulatory sequences referred to in the follow-
ing as floor plate enhancer (FPE).
An 898-bp fragment, which contains this region, was
cloned downstream of the gfp reporter in promoter
construct –1.1netrin1:gfp and the resulting plasmid
–1.1netrin1:gfp/FPE was injected into embryos to confirm
the results of the coinjection assays. In contrast to 1.1ne-
trin1:gfp (Fig. 2B; 1% of injected embryos, n  100), the
construct –1.1netrin1:gfp/FPE directed significant expres-
sion in the floor plate of 31% injected embryos (Fig. 2C, n
96).
We next tested whether the FPE requires the netrin1
FIG. 3. Stable expression of the –1.1netrin1:gfp/FPE transgene. (A) Expression of the transgene in floor plate (f) and hypochord (h) of a
32-hpf embryo. (B, C) Whole-mount in situ hybridisation of transgenic embryos with gfp antisense RNA at the 32-hpf (B) and one-somite
stages (C). (D, E) Comparison of expression of netrin1 (D) and gfp (E) mRNA in the head of 24-hpf transgenic embryos. Note that, unlike
netrin1 (D), the transgene (E) is not expressed in the ventral forebrain of embryos. (A, B, D, E) Lateral views, anterior left and dorsal up. (C)
Dorsal view, anterior up. Abbreviations: f, floor plate; h, hypochord. Scale bar represents 50 m (A, B, D, E) and 100 m (C).
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promoter for activity. The 898-bp FPE was inserted down-
stream of the thymidine kinase (Tk) minimal promoter
(Stra¨hle et al., 1987) and a gfp reporter. The 37Tk:gfp
promoter construct had no activity in the floor plate (Fig.
2D; 0% of injected embryos, n  100), and only 8% of
embryos showed ectopic expression of GFP. In contrast, the
construct 37Tk:gfp/FPE carrying the 898-bp netrin1 se-
quence downstream of the minimal promoter drove expres-
sion in the floor plate (45% of injected embryos, n  40), in
the hypochord, and less frequently also in the notochord
(Fig. 2E). We conclude that the 898-bp fragment contains
regulatory sequences which control floor plate and hypo-
chord expression in a promoter-independent manner.
The 898-bp Enhancer Controls Midline Expression
in Stable Transgenic Zebrafish
To characterise the activity of the FPE in more detail,
stable transgenic fish were generated by injection of
–1.1netrin1:gfp/FPE into the fertilised zygote. Injected ani-
mals were raised to adulthood and intercrossed. The F1
offspring were screened for GFP expression. Among 120
founders, 4 were identified that transmitted a GFP-
expressing transgene to their offspring. Expressing embryos
were raised to establish transgenic lines. In parallel, the
promoter construct (1.1netrin1:gfp) was injected and G0
fish were screened for transmission of GFP expression to
their offspring. None of the G0 fish (n  200) transmitted
GFP expression to their F1 offspring. This suggests that the
–1.1netrin1 promoter is not sufficient to drive detectable
GFP expression in a stable transgenic environment.
The four lines carrying the –1.1netrin1:gfp/FPE transgene
showed the same pattern of GFP expression (Fig. 3A; and
data not shown). GFP was detected in the floor plate and the
hypochord of 24-hpf embryos similarly to the endogenous
netrin1 (Fig. 1C). As GFP is rather stable, we analysed
transgene expression also by in situ hybridisation with an
antisense gfp probe. gfp mRNA is present in the floor plate
and hypochord of transgenic embryos until at least 32 hpf
(Fig. 3B; and data not shown). gfp mRNA first becomes
detectable in one-somite-stage embryos (Fig. 3C), slightly
earlier than the endogenous netrin1 mRNA (Stra¨hle et al.,
1997a). The delay in detection may reflect the large size of
the endogenous netrin1 transcription unit (60 kb) in
comparison to the small transgene or higher sensitivity of
the gfp antisense probe.
However, there are also differences to the pattern of
endogenous netrin1. The 898-bp enhancer region failed to
drive expression in the ventral forebrain (compare Figs. 3D
and 3E), suggesting that other elements in addition are
necessary to control expression in these regions. We also
detected very weak ectopic activity in the spinal cord and in
a short stretch of the posterior notochord (data not shown).
This ectopic activity was seen in all four transgenic lines,
suggesting that the transgenes lack silencer elements that
prevent this weak ectopic activity.
FIG. 4. The zebrafish –1.1netrin1:lacZ/FPE transgene is expressed in the floor plate (arrow) of mouse (A) and chicken (B) embryos.
Transverse section through the spinal cord (thoracic level) of mouse and chicken embryos at 9.5 dpc and at stage 18, 19 HH, respectively.
Scale bar represents 25 m.
FIG. 5. The Shh signalling pathway does not control the activity of the –1.1netrin1:gfp/FPE transgene. (A, B) Expression of endogenous
netrin1 mRNA in an uninjected control (A) and a shh mRNA-injected embryo (B). Ectopic expression of shh causes expansion of endogenous
netrin1 expression in the neural tube (arrowheads). (C, D) Expression of gfp mRNA in control uninjected (C) and shh-injected transgenic
embryo (D). In contrast to the endogenous netrin1 gene, the –1.1netrin1:gfp/FPE transgene does not respond to ectopic shh. (E, F) Transgene
expression in a wildtype control embryo (CO, E) and Smub641 mutant background (F). –1.1netrin1:gfp/FPE expression is not significantly
different in the floor plate of wildtype and smu mutant embryos. Orientation of embryos: anterior left, dorsal up. Abbreviations: f, floor
plate; h, hypochord; CO, control. Scale bar represents 100 m.
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Floor Plate Activity of the Zebrafish netrin1
Enhancer Is Conserved
Given the mechanistic differences in floor plate induc-
tion in lower and higher vertebrates (Chiang et al., 1996;
Hatta et al., 1991; Rebagliati et al., 1998; Stra¨hle et al.,
1997b), we tested whether the zebrafish netrin1 enhancer is
active in amniote embryos. The –1.1netrin1:lacZ/FPE
transgene harbouring a lacZ reporter instead of the gfp
cDNA was analysed in mouse embryos at 9.5 dpc. As in
zebrafish embryos, the construct directed expression to the
floor plate of the mouse spinal cord (Fig. 4A; 3/3 indepen-
dent transgenic lines analysed). Similar results were ob-
tained in chicken embryos when the –1.1netrin1:lacZ/FPE
construct was electroporated into the neural tube (Fig. 4B).
Chick embryos (HH stage 18–19) expressed the lacZ re-
porter in the floor plate with high selectivity. In contrast,
when the transgene –1.1netrin1:lacZ without inserted FPE
was electroporated, expression was detected only weakly in
the dorsal neuroepithelium, confirming that the 1.1-kb
promoter is not sufficient to direct expression in the floor
plate. Taken together, these data suggest that the regulatory
mechanism that acts through this zebrafish enhancer uti-
lises signal transduction components that are present in
higher vertebrates.
The Floor Plate Enhancer Is Independent of
Hedgehog Signalling
Previously, it was shown that misexpression of shh
induces netrin1 ectopically in the neural tube (Stra¨hle et al.,
1997a; Figs. 5A and 5B). To test the responsiveness of the
898-bp floor plate enhancer fragment, synthetic shh tran-
scripts were injected into the zygotes of –1.1netrin1:gfp/FPE
transgenics and embryos were grown to 24 hpf before in situ
analysis with netrin1 or gfp antisense probes. While endog-
enous netrin1 transcripts are expressed ectopically (Figs. 5A
and 5B; 50% of injected embryos, n  108), gfp expression
from the transgene –1.1netrin1:gfp/FPE (0% of injected
embryos, n 40) is unaffected by overexpression of shh. We
next tested the activity of the enhancer construct in a
smoothened (also named slow muscle omitted or smu)
mutant background in which Hh signalling is strongly
impaired (Barresi et al., 2000; Chen et al., 2001; Varga et al.,
2001). The activity of –1.1netrin1:gfp/FPE in the floor plate
is unaffected in smu homozygotes (Figs. 5E and 5F). This
demonstrates that the FPE does not respond to Shh signal-
ling. Other netrin1 enhancers, which have yet to be identi-
fied, control the observed ectopic expression of endogenous
netrin1 in response to shh injection.
The Floor Plate Activity of the Transgene Depends
on Cyc Signalling
Since Cyc is essential for floor plate formation in ze-
brafish embryos (Pogoda et al., 2000; Rebagliati et al., 1998;
Sampath et al., 1998; Schier et al., 1997; Sirotkin et al.,
2000; Stra¨hle et al., 1997b), we assessed whether expression
of the transgene would depend on cyc gene activity by
crossing it into a homozygous cycb16 mutant background
(Hatta et al., 1991). The –1.1netrin1:gfp/FPE transgene was
not expressed in the ventral neural tube of 24-h-old cyc
mutants like the endogenous netrin1 (Figs. 6A and 6B). Lack
of cyc activity abolished neither hypochord expression of
endogenous netrin1 nor that of the transgene (Figs. 6A and
6B).
We tested next whether the transgene would be ectopi-
cally induced by misexpressed cyc. Transgenic embryos
were injected with plasmids encoding cyc, and 24-h-old
embryos were analysed by in situ hybridisation with either
the netrin1 or the gfp antisense probes. Ectopic netrin1
(60% of injected embryos, n  100) and ectopic transgene
expression (50% of injected embryos, n  100) were noted
in the neural tube of injected embryos (Figs. 6C and 6D).
This suggests that the FPE, like the endogenous netrin1
gene, responds to Cyc signals.
Floor Plate Differentiation in Zebrafish Requires
FoxA2
Mutations in the winged helix transcription factor FoxA2
(HNF3) impair formation of the node, notochord, and floor
plate in the mouse (Ang and Rossant, 1994; Weinstein et al.,
1994). Like its mouse orthologue, zebrafish foxA2 (axial) is
expressed in the embryonic shield, the notochord, and the
floor plate (Stra¨hle et al., 1996, 1997b), suggesting a func-
tion also in midline development of the zebrafish embryo.
We therefore tested the role of FoxA2 by a morpholino (MO)
knockdown approach (Nasevicius and Ekker, 2000). Injec-
tion of MO-foxA2 into the – 1.1 netrin1:gfp/FPE line almost
completely abolished GFP expression in the floor plate
(Figs. 7A and 7B; 79% of embryos, n  100). Expression in
the hypochord was unaffected and a notochord formed
normally in the injected embryos. Morpholinos directed
against two related winged helix-transcription factors fkd4
and fkd7, which are also expressed in the floor plate of
zebrafish embryos (Odenthal and Nusslein-Volhard, 1998),
did not affect expression of the transgene (data not shown).
Expression of the endogenous netrin1 gene was also im-
paired in MO-foxA2-injected embryos (51% of injected
embryos, n  45). In the spinal cord, levels of netrin1
transcripts were severely reduced in the floor plate, but
hypochord expression was unaffected as observed for the
transgene (Figs. 7C and 7D). netrin1 expression in the
ventral midbrain and hindbrain was patchy in MO-injected
embryos. Expression in the ventral forebrain was, however,
normal in the knock-down embryos (Figs. 7E and 7F).
Injected embryos were also hybridised to shh and type II
collagen (col2a1) antisense probes. Both shh and col2a1 are
expressed in the notochord and the floor plate, with the
latter also being expressed in the hypochord (Krauss et al.,
1993; Yan et al., 1995) (Figs. 7G, 7I, and 7K). In MO-foxA2-
injected embryos, shh and col21 expression was dimin-
ished in most of the spinal cord with only patchy expression
remaining (Fig. 7H, 86% of injected embryos, n  56; Fig.
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7L, 92% of injected embryos, n  26). This suggests that
floor plate-specific gene expression in general is impaired in
the foxA2 knock-down embryos. shh and col21 transcripts
were present at normal levels in the notochord, and expres-
sion of col21 in the hypochord was also not affected by the
knock-down (Figs. 7G–7L). We detected columnar cells at
the ventral aspect of the spinal cord that resemble the
morphology of floor plate cells (Fig. 7M). This suggests that
MO-FoxA2, even though it reduces expression of marker
genes significantly, does not prevent all aspects of floor
plate differentiation.
Similarly to netrin1 expression, shh expression was not
impaired in the ventral forebrain and was disrupted but
not completely abolished in the midbrain and hindbrain.
(Figs. 7I and 7J). Taken together, these data suggest that
lack of FoxA2 activity impairs floor plate differentiation
in the zebrafish. In contrast to the mouse, it is not
required for notochord development. This provides evi-
dence that FoxA2 acts specifically in floor plate cells in
the zebrafish embryo.
FoxA2 Induces Ectopic Floor Plate Differentiation
and Rescues Floor Plate in cyclops-Deficient
Embryos
To test whether the transgene is responsive to FoxA2,
misexpression experiments were carried out. Expression of
foxA2 leads, however, to severe gastrulation defects causing
early death of the embryos (data not shown). To overcome
this problem, we rendered FoxA2 conditionally active by
fusing it to the hormone binding domain of the estrogen
receptor (foxA2-ER), which acts as an inhibitor of associated
DNA binding domains in the absence of the inducer 17-
estradiol (Hammerschmidt et al., 1999). foxA2-ER mRNA-
injected embryos developed normally in the absence of
inducer. When 17-estradiol was applied at midgastrula-
tion, the embryos survived until 24 hpf and were analysed
by in situ hybridisation with the gfp, netrin1, and shh
antisense probes. Embryos showed ectopic activation of gfp
expression in dorsal aspects of the neural tube (Fig. 8B, 53%,
n  45). netrin1 (Fig. 8A, 32%, n  44) and shh (Fig. 8C,
78%, n  101) were also ectopically expressed in the neural
tube of injected and steroid-treated embryos. Ectopic acti-
vation of floor plate gene expression was not observed in
17-estradiol-treated embryos that expressed only the hor-
mone binding domain of the estrogen receptor (data not
shown). Thus, FoxA2 can activate expression of floor plate
genes ectopically in the neural tube.
FoxA2 knock-down embryos resemble cyc signalling-
deficient embryos in that they fail to form the floor plate
but develop a notochord (Schier et al., 1997; Stra¨hle et al.,
1997b) supporting a downstream role of foxA2 in the Cyc
signalling pathway. To test this, the foxA2-ER chimera
was injected into one-eyed pinhead (oep) embryos, which
are impaired in Cyc signalling (Gritsman et al., 1999;
Zhang et al., 1998). Injected oep mutant embryos showed
ectopic expression of the floor plate markers shh and
netrin1 as observed in wildtype embryos (Figs. 8A and
8C). Furthermore, a substantial fraction of the injected
oep embryos displayed long stretches of cells expressing
netrin1 (28%, n  50 oep embryos) or shh expression
(32%, n  50 oep embryos) in the ventral neural tube
(Figs. 8E and 8G). In contrast, uninjected oep siblings
expressed only occasionally the netrin1 and shh genes in
individual cells (Figs. 8D and 8F). In summary, the
morpholino knock-down, the overexpression data, and
the rescue experiment demonstrate a function for foxA2
downstream of the Cyc pathway during floor plate differ-
entiation in the zebrafish embryo.
DISCUSSION
We identified an 898-bp regulatory region in the zebrafish
netrin1 gene that controls expression in the floor plate. This
FPE is responsive to Cyc signals and requires the activity of
FoxA2. Our data provide evidence for a specific requirement
of foxA2 in the floor plate. The FPE is also active in mouse
and chicken embryos, suggesting that conserved mecha-
nisms act on the FPE. In addition, the FPE controls expres-
sion in the hypochord, which is a derivative of the dorsal
endoderm in fish and amphibians (Eriksson and Lofberg,
2000; Lofberg and Collazo, 1997). However, hypochord
expression is neither dependent on cyc nor on foxA2 activ-
ity, indicating different regulatory principles in the hypo-
chord. The FPE recapitulates the expression of the endoge-
nous netrin1 in hypochord and floor plate, suggesting a
bona fide regulatory role for this region in the expression of
the netrin1 locus.
FoxA2 Is a Regulator of Floor Plate Differentiation
Several lines of evidence support the notion that foxA2
acts downstream of Cyc signals. First, the phenotype of
cyc mutants and the defects of foxA2 knock-down em-
bryos are similar in the spinal cord. Both types of em-
bryos lack the floor plate, while they form a notochord
and a hypochord. Second, expression of foxA2 mimics the
effects of misexpressed cyc and rescues the floor plate
defects in oep mutants that are deficient in Cyc signal-
ling. Third, it was previously shown that foxA2 mRNA
levels can be induced by the Cyc-mimic activin A. This
induction does not appear to require de novo protein
synthesis, suggesting that foxA2 is an immediate target
of the Cyc signal transduction cascade (Stra¨hle et al.,
1993). Similarly, foxA2 is up-regulated by constitutively
active forms of the putative Cyc receptor Taram–A
(Peyrieras et al., 1998) or the intracellular Cyc transducer
Smad2 (Mu¨ller et al., 2000).
Targeted mutation of FoxA2 in the mouse results in loss
of the organiser, the notochord, and the floor plate (Ang and
Rossant, 1994; Weinstein et al., 1994). Lack of notochord
and floor plate may be an indirect consequence of the loss of
the organiser tissue in the mouse. In contrast, knock-down
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of foxA2 in the zebrafish embryo does not affect notochord
differentiation. The selective impairment of floor plate in
knock-down zebrafish embryos thus provides evidence for a
specific requirement of FoxA2 activity in the floor plate.
foxA2 is expressed in the ventral neural tube starting
anteriorly from the zona limitans intrathalamica (zli) into
the spinal cord of the tail (Stra¨hle et al., 1996). In agreement
with a regulatory function of foxA2, this domain coincides
with the region in which the netrin1 FPE is active. This
territory of activity is shared with the floor plate enhancer
ar-B from the shh gene (Mu¨ller et al., 1999; and F.M. and
U.S., unpublished observations), suggesting that the netrin1
FPE and the shh ar-B transduce similar regulatory cues.
Not only expression of the FPE-driven transgene but also
all tested floor plate genes were affected in the knock-down
embryos. foxA2 appears thus to be required for the floor
plate programme in general. The severity of the knock-
down phenotype was dependent on A-P position and varied
from gene to gene. Expression of netrin-1 and shh anterior
to the zli was unaffected as expected from the pattern of
foxA2 expression. At midbrain and hindbrain levels, expres-
sion was severely disrupted with gaps of nonexpressing
cells. In the spinal cord, expression of shh, col2a1, and the
transgene were almost completely abolished, while netrin1
expression was only reduced. These differences indicate a
differential requirement for foxA2 and may also reflect the
local activity of redundantly acting genes that can partially
compensate. In support, FoxA2-dependent and -independent
enhancer activities were previously mapped in the mouse
shh gene (Epstein et al., 1999).
The FPE Is a Late Floor Plate Enhancer
netrin1 starts to be expressed in the floor plate during
early somitogenesis stages (Stra¨hle et al., 1997a). Other
genes, such as tiggy-winkle hedgehog and shh, are ex-
pressed in the floor plate significantly earlier (Ekker et al.,
1995; Etheridge et al., 2001; Krauss et al., 1993). Like the
endogenous netrin1, the FPE-driven transgene shows a
delayed onset of expression. foxA2 mRNA is already ex-
pressed before gastrulation more than 6 h earlier (Stra¨hle et
al., 1993) than netrin1 or transgene expression can be
detected in the floor plate. Hence, the FPE may not be a
direct target of FoxA2, and activity of the FPE may require
prior synthesis of new proteins. In line with being an
indirect target is also the observation that the several
putative FoxA2 binding sites in the FPE do not appear to be
required for activity in the floor plate as tested by deletions
of the FPE in transient expression assays (S.R. and U.S.,
unpublished observations).
The Zebrafish FPE Is Active in the Floor Plate of
Higher Vertebrates
The activity of the FPE is not restricted to the floor plate
of zebrafish embryos that utilise Cyc signals to specify floor
FIG. 6. The Cyc (Nodal) signal controls the activity of the netrin1 transgene. (A, B) netrin1 (A) and –1.1netrin1:gfp/FPE (B) expression in
the floor plate is absent in cyc mutants (blue arrowhead) while the hypochord expression is normal (black arrowhead, h). (C, D) Cyc
misexpression induces ectopic expression (white arrowhead, e) of netrin1 (C) and gfp (D). Orientation of embryos: lateral views of the trunk
at 24 hpf, anterior left and dorsal up. Abbreviations: e, ectopic floor plate; f, floor plate; h, hypochord. Scale bar represents 25 m.
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plate. It also mediates floor plate expression in amniote
embryos that employ Shh signalling for the control of floor
plate differentiation (Chiang et al., 1996; Ericson et al.,
1996). This suggests conserved mechanisms of floor plate
expression despite the differences in the inducing signals.
One explanation could be that Shh and Cyc act on the same
downstream genes in mouse and zebrafish embryos. A
candidate for such a dual response target is FoxA2. FoxA2
can be induced by the Cyc signals in zebrafish embryos
(Mu¨ller et al., 2000; Peyrieras et al., 1998; Stra¨hle et al.,
1993, 1996). In mouse embryos, FoxA2 is a direct target of
Shh signalling (Sasaki and Hogan, 1994; Sasaki et al., 1997).
It may thus be possible that FoxA2 is a transducer onto
which the two different pathways converge in mouse and
zebrafish embryos. However, as it is unlikely that FoxA2
acts directly on the FPE, one has to postulate that also the
genes downstream of FoxA2 were conserved in the two
organisms. Blast searches of the mouse and human genomic
sequence did not score regions of homology (S.R., C. Plessy,
and U.S., unpublished observations) as noted in the case of
other zebrafish enhancers (Mu¨ller et al., 2002).
There is evidence that foxA2 is also responsive to Hh
signals in the zebrafish. foxA2 expression in cells situated
lateral to the floor plate depend on an intact Hh signalling
pathway (Odenthal et al., 2000; Schauerte et al., 1998), and
forced expression of shh induces ectopic foxA2 expression
in the neural tube (Hammerschmidt et al., 1996; Stra¨hle et
al., 1997a,b). This raises the question why shh and the
related echidna hedgehog expressed in the organiser (Currie
and Ingham, 1996; Krauss et al., 1993) would not be able to
induce foxA2 and thus floor plate differentiation in the
zebrafish. Expression of foxA2 in cells lateral to the floor
plate occurs during midsomitogenesis and is thus a rather
late process in comparison to specification of the floor plate
(Stra¨hle et al., 1993, 1996). Floor plate induction in the
amniote neural plate requires very high levels of Shh
protein and appears to be dependent on direct contact with
inducing cells (Marti et al., 1995; Roelink et al., 1995). In
the zebrafish embryo, the levels of Shh protein may not be
sufficient and/or cell contacts may be too transient during
gastrulation to induce the floor plate programme. Only at
later stages, Hh proteins may have accumulated high
FIG. 7. foxA2 is required for floor plate formation. Left panels
show expression of GFP (A), netrin1 (C, E), shh (G, I), and
collagen2a1 (K) in uninjected control embryos. Black arrow, expres-
sion in the floor plate (GFP, netrin1, shh, col2a1); black arrowhead,
expression in the hypochord (GFP, netrin1, col2a1); and red arrow-
head, expression in the notochord (shh, col2a1). Right panels
represent expression of the same markers in foxA2 morpholino-
injected embryos. Note that expression of GFP (B), netrin1 (D, F),
shh (H, J), and collagen2a1 (L) is diminished or totally absent (blue
arrowhead). Expression of these markers is normal in the notochord
(red arrowhead: shh, col2a1), hypochord (black arrowhead: GFP,
netrin1, col2a1), and ventral brain (shh, netrin1). (M) In FoxA2
knockdown embryos, the characteristic columnar shape of floor
plate cells seems to be maintained (M, green arrowhead). These
cells do not express col2a1 even in strongly overstained embryos
(M). Abbreviations: CO, control; MO, foxA2 morpholino-injected
embryo. Scale bar in (L) represents 100 m.
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enough or cell contacts are now stable to induce foxA2 in
cells lateral to the floor plate and to maintain the floor
plate.
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